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Understanding the inversely correlated series resistance (Rs) and parallel resistance (Rp) remains a challenge. Here we report that the variation
of Rs and Rp is inversely related through the morphology of the donor and acceptor interface in CuPc organic solar cells, when comparing the
bilayer structure and bulk heterojunction structure. It was also found that the charge carrier concentration near the donor–acceptor interface plays
an important role in the relationships of Rs and Rp under ﬁxed interfacial morphology, which was veriﬁed by the change of Voc. The inversely
correlated Rs and Rp contributes to the improvement of the ﬁll factor, and in turn the power conversion efﬁciency.
& 2015 Chinese Materials Research Society. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Organic solar cells (OSCs) have attracted growing attention
in recent years [1]. However, they give a lower power
conversion efﬁciency (PCE) than those from inorganic solar
cells [2,3]. A closer look at PCE indicates that it is related to
open circuit voltage (Voc), short circuit current (Jsc), and the ﬁll
factor [4]. While Voc is usually settled by the energy band gap
of donor and acceptor materials, and the work function of the
electrodes [5], and Jsc is largely determined by the interfacial
area between donor and acceptor materials [3–5]. Describing
the “squareness” of the current density–voltage (J–V) curve in
the solar cell characterization, the ﬁll factor is directly related
to the series resistance (Rs), and parallel resistance (Rp) which
represents the electron–hole recombination at the donor–
acceptor interface [6]. Ideally, Rs should be the lower the
better, and Rp the higher the better. However, the relation
between Rs and Rp is still unknown. Therefore, it is crucial to10.1016/j.pnsc.2015.08.005
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Rp, and in particular, the correlation between Rs and Rp, if any.
From the equivalent circuit analysis, Rs and Rp are originally
introduced as two separate elements. However, it was observed
from literature that an increasing Rs is usually accompanied by
a decreasing Rp and vice versa [4,5,7–10]. Therefore, it
remains a challenging question of why Rs and Rp are inversely
correlated and what is the underlying mechanism.
To answer the question, a comparison was made for the Rs
and Rp values obtained from copper phthalocyanine(CuPc)
OSCs, with both bilayer and bulk heterojunction structures.
The variation of Rs and Rp was found to be inversely related,
through the morphology of the donor and acceptor interface.
To further examine the correlation of Rs and Rp, the thickness
of the CuPc and C60 layer in the bilayer devices was varied. It
was found that the charge concentration near the donor–
acceptor interface plays an important role in the relationships
of Rs and Rp, which was further veriﬁed by the variation of Voc.bH. This is an open access article under the CC BY-NC-ND license
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Both the bilayer and bulk heterojunction CuPc OSCs were
fabricated on patterned indium tin oxide(ITO) substrates, with
a sheet resistance of 15 Ω cm2. A CuPc layer for the bilayer
device, or a mixed layer consisting of CuPc (Sigma-Aldrich,
99%) and C60 (Sigma-Aldrich, 99.9%), with a weight ratio of
1:1 for bulk heterojunction device, were then thermally
evaporated on top of the ITO layer under a vacuum of
5n106 Torr. Finally, a Bathocuproine(BCP) (Sigma-Aldrich,
98%)(10 nm) and silver cathode(100 nm) were evaporated.
The overall device conﬁguration thus becomes: ITO/CuPc/C60/
BCP/Ag for the bilayer devices; and ITO/CuPc:C60/BCP/Aσg
for the bulk heterojunction device.
The J–V characteristics were measured under simulated AM
1.5 illumination of 100 mW/cm2. The device area is 0.5 cm2.
The Rs and Rp were calculated through the method reported
elsewhere.[11]3. Results and discussion
To ﬁrst conﬁrm the literature observation that Rs and Rp are
inversely correlated, CuPc OSCs with both bilayer and bulk
heterojunction structures were fabricated to investigate the
possible relationships between Rs and Rp. The bilayer-
structured device has an activation layer of the same thickness
as the bulk heterojunction device. However, very different Rs
and Rp values were obtained. Compared to the bilayer device
(Rs¼27 Ω cm2, Rp¼882 Ω cm2, Fill factor¼49%), a larger Rs
of 76 Ω cm2, and a relatively lower Rp of 57Ω  cm2 were
obtained from the bulk heterojunction device, resulting in a
much poorer ﬁll factor (28%) and PCE (0.3%). These results
show an opposite trend between Rs and Rp, which has been
reﬂected by the previous literatures [4,5,7–10]
In order to understand the cause of the difference in Rs and
Rp, an interfacial morphology model was proposed, as shown
in Scheme 1. It is evident that, in the bilayer device, since the
donor and acceptor were coated separately, all the donor/
acceptor are well connected, creating enough current paths for
the charge carriers, thus leading to a low Rs. At the same time,
as the total interfacial area of donor and acceptor is identical to
the nominal area of the device, the electron–hole recombina-
tion at the interfacial area is low, resulting in a high Rp.
Conversely, in the bulk heterojunction device, as the CuPc
and C60 are mixed during fabrication, the donor/acceptor
nanoparticles may not be well connected with each other, or
may even be isolated. Moreover, the donors are mostly
surrounded by acceptor particles, and vice versa, leading to aScheme 1. Relationships between Rs and Rp in the CuPc organic solar cells
with bilayer structure and bulk heterojunction structure.much higher interfacial area than the nominal area of the
device. Therefore, Rs is larger than that of the bilayer device
because of the poor hole/electron transport, while the Rp is
lower due to the increase of the interfacial area.
It is thus demonstrated that the Rs and Rp are inversely
related through the morphology of the donor and acceptor
interface. The next question is, what happens under a ﬁxed
interfacial morphology. To answer this question, the bilayer-
structure was investigated, under a constant interfacial area of
the donor and acceptor. Two experiments were performed:
varying the thickness of the CuPc layer and the C60 layer
separately.
As shown in Fig.1, as the thickness of the CuPc layer is
raised (from 20 nm to 80 nm), Rs increases steadily, whereas
Rp drops to less than a half. In a same way, Rs rises from
27 Ω cm2 to 141 Ω cm2, while Rp drops from 882 Ω cm2 to
247 Ω cm2, after increasing the C60 layer from 40 nm to
120 nm. Therefore, the inverse correlation between Rs and Rp
is maintained, even with the same interfacial morphology
between the donor and acceptor.
To further analyze the possible cause of this inverse
correlation, a second morphological model was proposed, as
shown in Schemes 2. The increased thickness of CuPc layer
leads to a higher Rs in vertical direction (Schemes 2a and b),
resulting in a poor charge transport. Meanwhile, the charge
carriers are accumulated, near the donor–acceptor interface.
Therefore, the electron–hole recombination is boosted by the
increased charge carrier concentration, resulting in a lower Rp.
In the same way, the decreased thickness of C60 layer reduces
the Rs in the vertical direction and the charge accumulation,
thus lowers the electron–hole recombination, and leads to a
higher Rp as shown in Schemes 2a and c. Therefore, Rs and Rp
are related each other through the charge carrier concentration
change near the donor–acceptor interface under a ﬁxed
interfacial area.
To further conﬁrm the variation of the charge carrier
concentration near the donor–acceptor interface, the Voc versus
CuPc and C60 thickness was investigated. The analysis result
(Fig. 2b) shows that upon the increase of Rs the charge carrierFig. 1. Rs and Rp of the CuPc organic solar cells with different thicknesses of
CuPc and C60 layer.
Scheme 2. Relation of Rs and Rp in bilayer- structured device with different thicknesses of CuPc layer and C60 layer.
Fig. 2. (a) Voc of CuPc organic solar cells with different thicknesses of CuPc and C60 layer; (b) The PCE and ﬁll factor of the with different thicknesses of CuPc
and C60 layer.
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fore the internal electric ﬁeld generated by the accumulated
charges will also increase. As a consequence, Voc of the device
should decrease since the internal electric ﬁeld generated by
the accumulated charges is opposite to the built-in electric ﬁeld
by the donor and acceptor. As shown in Fig. 2a, the actual data
shows that the Voc drops when the CuPc or C60 layer increases,
due to the drop of accumulated charges.
The very inverse correlation between Rs and Rp is actually
favorable since the decrease of Rs and the increase of Rp are
both contributing to the improvement of the ﬁll factor, and in
turn improving the PCE simultaneously. Fig. 2b shows the ﬁll
factor and the PCE of CuPc bilayer OSCs with different
thicknesses of CuPc and C60 layer. As the thickness of the
CuPc layer decreased the value of Rs was droped from
60.7 Ω cm2 (80 nm) to 33.1 Ω cm2 (20 nm), whereas the value
of Rp enhanced from 484 Ω cm2 (80 nm) to 968 Ω cm2
(20 nm), respectively. The same trend occurs in case of
varying the thickness of the C60 layer. Both lead to an
increased ﬁll factor of 49–54%. Correspondingly, the PCE of
the devices can be also improved from 0.23% to 1.8%.4. Conclusion
To summarize, the variation of Rs and Rp is inversely related
through the morphology of the donor and acceptor interface in
CuPc OSCs when comparing the bilayer structure and bulk
heterojunction structure. By increasing the thickness of the
CuPc layer and C60 layer in CuPc bilayer devices, it is found
that Rs is also related to Rp through the charge carrier
concentration, which is further conﬁrmed by the variation of
Voc. The inverse relationship between Rs and Rp helps to
improve the ﬁll factor, and in turn the PCE.References
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